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• Reproductive success can be adversely impacted by high social density 
• The design and spatial configuration of enclosures impacts reproductive success 
• Blocking visual access to conspecifics improves reproductive success 
• Enclosure designs that minimize stress can help to improve reproductive success 
Abstract 
Species extinctions are becoming a global crisis, affecting biodiversity and ecosystem services, 
with island populations being particularly vulnerable. In response, conservation managers are 
increasingly turning to ex situ conservation breeding programs to establish assurance populations 
and provide a source for release and re-establishment of wild populations. The ‘Alalā (Hawaiian 
crow, Corvus hawaiiensis) is a critically endangered and territorial island corvid that became 
extinct in the wild in 2002, following a severe and prolonged population decline during the late 
20th century. Surviving individuals of the species were brought into captivity to establish an 
assurance population to serve as a source for reintroduction, which commenced in 2016. We 
analyzed the extent to which a range of captive housing conditions impact ‘Alalā reproductive 
success, using 19 years of breeding program data. We found that reproductive success was most 
strongly affected by the distance between aviaries and their closest neighbors and whether 
breeding pairs had visual access to other adult conspecifics. Pairs located in aviaries that were 
more spatially isolated and without visual access to conspecifics were more likely to produce 
fertile eggs than pairs housed in aviaries that were closer to others or those with visual access to 
other birds. Our results have direct management implications relevant to the design of 
conservation breeding centers geared towards the recovery of endangered, territorial bird species. 
Moreover, since suboptimal housing conditions can increase stress levels in captive birds, our 
findings are also relevant to improving animal welfare for ‘Alalā and other species in 
conservation breeding programs. 
Introduction 
At a time when species extinctions are becoming commonplace (Barnosky et al., 2011), 
conservationists and field biologists are beginning to quantify what is being lost. Species make 
incalculable contributions to ecosystem function, ecosystem services, and other values important 
to humanity (Gascon et al., 2015; Hooper et al., 2012; Richardson and Loomis, 2009). As 
preventing extinctions in nature becomes more intractable in many cases, conservation 
practitioners have turned increasingly to conservation breeding (i.e., captive propagation; Conde 
et al., 2011). In fact, the IUCN and U.S. Fish & Wildlife Service have identified over 1,000 
vertebrate taxa in need of conservation breeding for recovery (reviewed in Bowkett, 2009). 
However, the urgency with which many conservation breeding programs are established—
coupled with their limited resources, small sample sizes, and constraints on controlled 
experimentation—means that breeding efforts typically get underway before research can be 
conducted to develop optimal strategies. This need to take action in the face of uncertainty lends 
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itself to the adaptive management approach where decisions are being made initially based on 
incomplete information but subsequently adjusted in light of lessons learned during 
implementation (Canessa et al., 2016). However, there are many cases in which adaptive 
management principles were not applied at the onset of the program, and, in the case of some 
legacy data, record-keeping may pre-date the widespread use of adaptive management and 
planning. In cases such as these it may be possible to glean lessons from past management 
choices where data are available for evaluating important outcomes following those choices. 
While conclusions from such a retrospective analysis may be more tentative than those from a 
well-designed adaptive management experiment, they can still provide important insights to 
guide future management decisions. For example, in a giant panda conservation breeding 
program, historical records enabled an assessment of the relative efficacy of natural mating 
versus artificial insemination, even though the methods had never been compared in a planned 
experiment (Li et al., 2017).  
Fundamental to conservation breeding outcomes is the design and layout of enclosures. 
Managers must decide how large to make enclosures, what sorts of habitat and enrichment to 
provide, how many animals to place in an enclosure, how to select enclosure mates for social 
compatibility, and how to arrange multiple enclosures in space (Carlstead, 1996; Morgan and 
Tromborg, 2007). In particular, the social environment is known to influence reproduction across 
several species. In fact, the Allee effect postulates the existence of an optimal population 
density—or more appropriately, an optimal degree of social contact and communication 
opportunities—that promotes reproduction (Stephens and Sutherland, 1999). Too few individuals 
and normal courtship and mating cannot take place but, if overcrowding occurs, stress and 
resource competition can negatively impact reproduction. While the optimal population density 
may differ between species, the basic principles are expected to apply broadly across many 
taxonomic groups and situations. In captive environments, most research to date has focused on 
the effects of same-enclosure social environment on captive reproduction (Lindburg and Fitch‐
Snyder, 1994; Swaisgood and Schulte, 2010). A counter-example illustrates the value of 
considering the broader social environment outside the enclosure. In the mongoose lemur 
(Eulemur mongoz), housing monogamous pairs in the vicinity of other conspecific pairs had a 
facilitatory effect on reproduction, leading to large increases in offspring production (Hearn et 
al., 1996). More commonly, negative effects of the captive social environment have been 
considered, which can be mediated by stress (Morgan and Tromborg, 2007). High social density 
is a known stressor and can negatively influence reproduction in both wild (Creel et al., 2013) 
and captive populations (Morgan and Tromborg, 2007). In a controlled experiment with 
European starlings (Sturnus vulgaris), simply moving birds from a large outside aviary to a 
smaller indoor aviary (increasing social density by reducing available space) led to cessation of 
reproductive activity (Dickens and Bentley, 2014). 
Here, we analyze a long-term dataset to determine how inter-aviary distance and visual 
access to neighbors influences reproduction in one of the world’s most endangered bird species, 
the ‘Alalā or Hawaiian crow (Corvus hawaiiensis). Throughout the Hawaiian archipelago, forest 
bird populations have dramatically declined largely due to anthropogenic habitat loss and 
degradation, introduced mammalian predators, and foreign disease (avian smallpox and avian 
malaria; Reed et al., 2012). Nearly 100 native forest bird species in Hawaiʻi became extinct after 
the arrival of humans; today, only 21 species remain, 12 of which are listed as endangered 
(Paxton et al., 2018).  The ‘Alalā—perhaps the most iconic representative of this crisis—is the 
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last corvid remaining on the Hawaiian Islands, which historically was home to at least 5 crow 
species (James and Olson, 1991). The ‘Alalā, nearly extinct, thus occupied an ecological niche 
that has gone unfilled in modern times (Culliney et al., 2012). 
In response to dramatic declines, an assurance population for ‘Alalā and other endemic 
endangered species was established in the Hawaiʻi Endangered Bird Conservation Program 
(HEBCP). Although many of the introduced threats to Hawaiian avifauna are intractable, it is 
possible to restore and maintain suitable habitat that can serve as refuges where species can 
continue to exist in the wild (Reed et al., 2012; Paxton et al. 2018). Through conservation 
breeding, reintroduction, and intensive management intervention to control threats, some species 
such as the Nēnē or Hawaiian goose (Branta sandvicensis) have begun to recover (Reed et al., 
2012). Conservation breeding is considered one of the top priorities for rescuing Hawaiian 
avifauna from extinction (Paxton et al. 2018). ‘Alalā went extinct in the wild in 2002 and, until 
recent release efforts began in 2016, this species only survived in captivity. As of August 2019, 
there are a total of 138 ‘Alalā, including 119 captive birds and 19 individuals in the wild, the 
largest number of ‘Alalā in nature in over two decades (Banko et al., 2002). Since launching 
intensive conservation breeding efforts with ‘Alalā in 1996, the HEBCP has maintained detailed 
records for every egg laid along with thorough reports on management strategies, providing an 
excellent opportunity to evaluate retrospectively how program management can be used to 
improve reproductive success in this critically endangered island corvid. 
The ‘Alalā’s social system can be characterized as group territorial, with breeding pairs 
defending mutually exclusive territories (Banko et al., 2002). Records from the 1990s suggest 
they occupied large territories, separated by a kilometer per breeding pair (Banko, 2009), 
although they may have occurred in higher densities before their severe population decline 
(Perkins, 1903). Although often with dependent young, pairs did not have extended contact with 
other adult ‘Alalā during the breeding season, and contact at that time was frequently aggressive 
in nature. Thus, we predicted that breeding pairs located in aviaries near adult conspecifics 
and/or those that had visual access to other adults, would be less likely to reproduce than pairs 
located in aviaries that are more spatially isolated (e.g., ~25 to 50 m away from other aviaries), 
or do not have visual access to conspecifics. Commensurate with the increasing role for captive 
breeding in conservation, our study provides timely insights that can be used to inform the design 
and management of conservation breeding centers for captive propagation of Hawaiian and other 
avifauna. 
Methods 
 The HEBCP has two breeding centers, the Keauhou Bird Conservation Center (KBCC) 
on the island of Hawaiʻi and the Maui Bird Conservation Center (MBCC) on Maui. ‘Alalā 
aviaries are located outdoors, have covered areas for shelter and feeding, and consist of two to 
six compartments, all of which were separated by wire mesh walls until 2017 when the HEBCP 
began installing visual barriers in aviaries with more than two compartments. While the aviaries 
vary in size (buildings measure ~74 to 149 m2; individual compartments are ~ 22 to 37 m2), all 
were designed in an attempt to provide sufficient space to allow ‘Alalā to engage in species-
typical behaviors such as roosting, foraging, flying, and bathing, and to minimize contact with 
animal husbandry staff (Greggor et al., 2018). At present, distances between each aviary and its 
closest neighbor range between ~4 and 100 m. The current minimum distance between the 
aviaries at KBCC is ~30 m, and the maximum distance between the aviaries at MBCC is ~ 50 m 
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(see the Supplementary Material for a more in-depth description of the aviary layouts at both 
breeding centers). 
The ‘Alalā breeding season begins in March and ends in late-July or early-August. ‘Alalā 
breeding pairs have been selected based on genetic assessments (primarily mean kinship), age 
structure, individual and pair-specific breeding history and behavior, and anecdotal assessments 
of pair compatibility by husbandry staff. In 2019, the HEBCP transitioned to the use of mate 
choice assessments to improve pair selection and compatibility (Greggor et al., 2018). ‘Alalā are 
social as juveniles but become territorial as adults at about 2 to 3 years of age as they reach 
sexual maturity (Banko et al., 2002). During each breeding season, breeding pairs were housed in 
aviaries with two compartments to provide opportunities for pairs to regulate social proximity 
and to allow husbandry staff to separate pair partners when necessary. However, due to the 
success of the breeding program and the resultant growth of the captive flock, this has not always 
been possible despite the construction of new aviaries to provide additional space. 
Our study utilized a long-term dataset that combined an extensive breeding record 
database from Hoeck et al. (2015) and housing information from Rutz et al. (2016). We updated 
these datasets to include recent breeding seasons through 2018. HEBCP breeding records and 
housing information from 1996 to 1999 were sparse, so we restricted our analyses to the 2000 
through 2018 breeding seasons. While we conducted extensive quality checks of our full dataset 
prior to analyses (complementing earlier checks carried out by Hoeck et al. (2015) and Rutz et al. 
(2016)), there are still some gaps in the data, particularly with regards to the housing locations of 
some birds; however, it is highly unlikely that the housing location gaps would systematically 
affect the relationships explored in our study. Wherever possible, housing location gaps were 
filled by inferring the locations of birds within a particular breeding season based on their known 
location (aviary) in preceding/following breeding seasons or the known location of their mate. It 
is important to note that breeding pairs were housed in the same aviary for 1 to 8 years with 
some pairs contributing multiple observations to the same aviary and associated distance class, 
although construction of new aviaries nearby sometimes altered inter-aviary distance for pairs 
held in existing aviaries. However, 87.0% of the individuals included in our analyses were 
housed in the same aviary with the same mate for just 1 to 3 years and only two pairs were 
housed in the same aviary for 8 consecutive years. It is therefore unlikely that housing 
management decisions, albeit nonrandom, had an undue influence on the outcome of our 
retrospective analyses (but see the Supplementary Material for quantitative results supporting 
this assumption). 
The full dataset included a total of 156 breeding pairs across 19 breeding seasons. 
Breeding pairs were defined as any male-female pair that was housed in the same aviary with 
physical access to one another during the breeding season and therefore had the opportunity to 
mate. The number of pairs per breeding season increased over time and ranged from 9 to 47 in 
more recent breeding seasons. We restricted our analyses to individuals that were with the same 
mate throughout each breeding season (n = 141) and defined reproductive success as whether or 
not a breeding pair produced ≥ 1 confirmed fertile egg. Fertility was confirmed by egg candling. 
Eggs without visible signs of development either died during the very early embryo stage or 
were infertile; however, eggs were rarely broken open to confirm infertility. We therefore 
decided to model whether or not pairs produced a fertile egg (lower uncertainty in the data) 
rather than the proportion of fertile eggs out of all eggs laid per breeding pair per year (higher 
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uncertainty) as our metric of reproductive success. Since most eggs were pulled for artificial 
incubation, dummy eggs were often placed under nesting females to discourage them from 
laying an excessive number of clutches; thus, we were also unable to model the effects of 
housing conditions on the total number of fertile eggs produced by each pair. In addition, 
because most eggs were artificially incubated, we could not evaluate housing effects on 
hatchability. 
To capture all potentially relevant housing effects on reproductive success, we developed 
a hierarchical captive housing characterization scheme that could be applied to all ‘Alalā aviaries 
across the two breeding centers. From this perspective, each level of the scheme represents a 
variable that might impact whether breeding pairs engage in breeding behaviors (nest building, 
copulation, etc.) and ultimately produce a fertile egg. The larger scale variables included location 
(KBCC or MBCC), distance in meters between each aviary and its closest neighbor (i.e., 
minimum inter-aviary distances measured from building edges in Google Earth), and distance 
classes (≤ 25 m, > 25 to 50 m, > 50 m to 75 m, and > 75 m) that were defined a priori and used 
to visualize how the spatial configuration of aviaries across the two breeding centers influences 
reproductive success. Since new aviaries were periodically constructed at KBCC and MBCC, 
causing inter-aviary distances to change over time, inter-aviary distances were determined on a 
year-to-year basis. We included the total number of ‘Alalā within 10, 25, 50 and 75 m as a 
measure of social density across different spatial scales. Since HEBCP staff have long noticed 
that adult ‘Alalā are unaffected by birds ≤ 2 years of age, likely because subadults (i.e., nestlings, 
fledglings, and juveniles) represent a negligible threat to breeding pairs, we removed birds ≤ 2 
years of age prior to calculating social density (but see the Supplementary Material for model 
results that utilized the full dataset, including subadults). Smaller-scale variables included the 
total number of adult conspecifics housed in each aviary, whether breeding pairs had visual 
access to adult conspecifics in adjacent compartments within their aviary, whether breeding pairs 
were housed in the same aviary, but in different compartments from other adult birds, and, if so, 
whether breeding pairs were located next to a single male, a single female, or multiple birds. 
We conducted all statistical analyses in R (R Core Team, 2017). Model-averaged 
generalized linear mixed-effects models (GLMMs) were used to test the impact of the captive 
housing conditions, derived from our housing characterization scheme, on the reproductive 
success of ‘Alalā. Reproductive success (whether or not a breeding pair produced a fertile egg) 
was coded as binary and used as the response variable in our analyses. GLMMs were run using a 
binomial error distribution and logit link function, fit by maximum likelihood (Laplace 
approximation), and were carried out using the glmer command from the lme4 package 
(Christensen, 2018).  
Our global GLMM included the identities of the male and female comprising each 
breeding pair and year as random effects. The identities of the male and female were included as 
separate random effects to account for the fact that individuals contributed multiple observations 
with the same or different mates across breeding seasons. Year was included as a random effect 
since management practices, although standardized across the two breeding centers, varied from 
year-to-year. All possible predictors from our housing characterization scheme were included as 
numeric fixed effects in our initial global GLMM. Categorical variables, such as whether birds 
had visual access to their neighbors and location (KBCC or MBCC), were dummy coded so that 
they could be included as standardized numeric fixed effects in our global GLMM. 
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We used Pearson correlation coefficients to identify and exclude highly correlated fixed 
effects prior to analysis and, in all but one case, dropped correlated fixed effects with coefficients 
≥ 0.60 (Table S2). Location and inter-aviary distance were correlated at 0.79, but both were 
essential to include as predictors of reproductive success; thus, we retained them in our global 
GLMM and subsequently evaluated multicollinearity within the GLMM using variance inflation 
factors (VIF) to ensure that the covariates used in model averaging had VIF < 5 (e.g., Belsley et 
al., 1980; Weiser et al. 2015). VIFs were calculated using the vif command from the car package 
(Fox & Weisberg, 2011). After excluding biologically relevant but correlated fixed effects, our 
final GLMM used in model averaging included location (KBCC or MBCC), inter-aviary 
distance, social density within 10 m, visual access, whether pairs shared their aviary with other 
adult birds (housed in adjoining or non-adjoining compartments) and, if so, whether their 
neighbor was a single male or a single female. Visual access was selected over other relevant but 
correlated fixed effects (Table S2) since its importance had been hypothesized a priori for 
biological reasons and based on HEBCP staff’s informal observations that breeding pairs with 
visual access to adult birds may exhibit compromised breeding behavior. The a priori distance 
classes were excluded from the analyses since they were derived from, and thus highly correlated 
with, inter-aviary distance; however, we used the distance classes to illustrate the extent to which 
inter-aviary distance and visual access impact reproductive success. 
All numeric effects were standardized to a mean of 0 and standard deviation of 0.5 using 
the rescale function in the arm package (Gelman & Su, 2018). The dredge function in the 
MuMIn package was used to generate GLMM submodels (Barton, 2018) from the global 
GLMM. The best submodels, i.e., those within ∆AICC ≤ 2 of model with the lowest AICC score 
(Grueber et al., 2011), were used in model averaging. Model averaging was implemented using 
the natural average method to obtain parameter estimates and relative importance (RI) scores for 
each fixed effect. 
Results 
Social density within a given year was similar across the distance classes at each breeding 
center (Figure 1). At KBCC, from 2000 to 2018, social density ranged from 1 to 9 adult birds 
within 10 m to as many as 21 birds within 75 m. Social density at MBCC was higher, with as 
many as 29 birds within 10 m and up to 32 birds within 50 m. The construction of additional 
aviaries at KBCC over the years minimized social density despite the growing captive flock 
since most of the newer aviaries were constructed ~50 m or more away from one another (Figure 
1). At MBCC, the addition of four aviaries, all within ~10 m of one another and each with six 
compartments, increased social density at MBCC from 2011 onward (Figure 1). Of the 156 
breeding pairs in the full dataset, 64 (41.0%) produced at least one fertile egg during their 
lifetime as a pair. 
Six submodels with the lowest AICC scores were used in model averaging (Table S3). Of 
the housing effects included in our final model, inter-aviary distance and whether breeding pairs 
had visual access to adult conspecifics were the most important predictors of ‘Alalā reproductive 
success (RI = 1.00 and 0.73, respectively; Table 1). All other fixed effects had low RI scores 
(Table 1). VIF was < 5 for all fixed effects included in the model-averaged GLMM (Table 1). 
Pairs located in aviaries that were further away from others were more likely to produce fertile 
eggs than those housed in aviaries that were closer together. For instance, breeding pairs in 
aviaries located ≥ 50 m from neighboring aviaries were, on average, 57.0% more likely to 
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produce a fertile egg than those located ≤ 50 m from other aviaries (Figure 2). For the a priori 
distance classes that included breeding pairs with and without visual access to other birds, the 
proportion of pairs that produced fertile eggs without visual access was almost always higher 
than pairs that could see neighboring conspecifics (Figure 3). In these cases, the proportion of 
breeding pairs without visual access that produced fertile eggs was 62.2% higher, on average, 
than those with visual access to conspecifics. Applying the same model-averaged GLMM to a 
dataset that was restricted to breeding pairs that resided in the same aviary for 1 to 3 consecutive 
years produced similar results (Tables S4 & S5). Additionally, a model-averaged GLMM 
utilizing the dataset that included subadults (birds ≤ 2 years of age) also yielded a similar 
outcome with inter-aviary distance and visual access (to adults or subadults) being the most 
important predictors of reproductive success (both with RI = 1.00; Table S6); although, only 
three submodels were selected based on the ∆AICC ≤ 2 and used in model averaging (Table S7). 
Discussion 
Our analyses of two decades of ‘Alalā conservation breeding records indicate that 
housing arrangements that increase the potential for social interaction between breeding pairs 
and other adult conspecifics can have negative consequences for reproduction. Breeding pairs in 
aviaries with suboptimal housing conditions, such as those located closer to other ‘Alalā aviaries 
and those that had visual access to adult conspecifics, were far less likely to produce fertile eggs 
than breeding pairs housed in aviaries that were more spatially isolated without visual access to 
other adults. The importance of distance between aviaries suggests that, going forward, the 
HEBCP and other conservation breeding centers geared towards the recovery of endangered, 
territorial avifauna should endeavor to build aviaries that consider needs for species-appropriate 
spatial separation. For ‘Alalā that distance seems to be at least ~25 to 50 m away from 
neighboring aviaries. However, since the maximum distance between the HEBCP aviaries was 
~100 m, it is unclear whether ‘Alalā reproductive success would continue to improve if aviaries 
were > 100 m away from one another. An important caveat is that complete isolation from other 
conspecifics is not warranted (and not examined in our study). In fact, some degree of social 
interaction between individuals residing in different enclosures may be important for social 
learning and cultural transmission of key survival skills (see Brakes et al., 2019), such as 
specialized foraging techniques (Culliney et al., 2012; Rutz et al., 2016; Klump et al., 2018) or 
particular vocalizations (Tanimoto et al., 2017). More research is required for individual species 
bred in captivity to determine the optimal degree of social separation, which is likely to vary 
with size, mobility, primary communication modalities, and social system. 
We acknowledge that space may be a limiting factor in many conservation breeding 
programs, but our study also indicates that provision of visual barriers can mitigate the effects of 
crowding, and this can provide a relatively inexpensive partial solution when there are spatial 
constraints. Since visual barriers seem to be effective for partially mitigating the effects of social 
density on a bird species with large territories, it may prove effective for a wide range of species, 
especially if they have smaller territories. Also, given that ‘Alalā are a highly vocal species, that 
defend their territories through vocal broadcasts as deterrents (Tanimoto et al., 2017), it is 
notable that reductions in visual access improve reproductive outcomes even when some degree 
of acoustic access is maintained. Since our aviaries are open-air, the barriers we installed did not 
preclude acoustic access between pairs, but no doubt reduced the pressure levels of vocalizations 
perceived by neighboring pairs, and thereby may have given the impression that neighbors were 
further away. Thus, our barrier effect may have resulted from elimination of visual contact 
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and/or reduction in acoustic contact. The influence on health, stress, and reproduction of varying 
degrees of conspecific communication, via different sensory modalities, in conservation breeding 
facilities is an area rich for future investigation. For example, future studies could manipulate 
access to conspecific communication signals and help determine how animals may be held under 
conditions of far greater social density while minimizing negative consequences. One experiment 
indicated by our research is to manipulate visual and acoustic contact independently through 
provision of barriers with and without visual access and sound-proofing (acknowledging that 
sound will carry above the walls for our outdoor facilities); a sound meter could be used to 
measure the pressure levels of vocalizations reaching subjects. 
Suboptimal housing conditions have been linked to higher levels of stress in a variety of 
taxa (Morgan and Tromborg, 2007), and social stress is a likely mechanism explaining the 
reduction in reproductive success observed in our dataset. A number of studies, primarily with 
mammals but also with birds and other taxa, have established a role for HPA activation in 
density-dependent population regulation; as population size increases, glucocorticoid excretion 
increases and survival and reproduction decrease (e.g., Creel et al., 2013). These crowding 
effects often appear to be mediated by aggressive interactions with neighboring conspecifics in 
territorial species. In several bird species, for example, simulated territorial intrusions have been 
shown to increase HPA activity (Creel et al., 2013). The effects of social density on reproduction 
can be surprisingly rapid and profound, with lower reproductive activity observed only 10 days 
after mating pairs are moved to small indoor enclosures (Dickens and Bentley, 2014). 
In a study that compared the vocal repertoire of captive and wild ‘Alalā, Tanimoto et al. 
(2017) found that territorial broadcast calls recorded in the 1990s from a small wild population 
(i.e., from three of the last four breeding pairs) were absent from recordings of the captive 
repertoire. Yet, the captive birds routinely engage in matching loud caws and counter-cawing, 
which indicate a territorial function. In the wild, ‘Alalā can regulate social and acoustic 
proximity. Thus, in our study, we suggest that close proximity at the breeding centers promotes 
visual and acoustic territorial signaling at an intensity that far exceeds that found in nature, with 
associated consequences mediated by HPA activation or behavioral disruption. Within the 
HEBCP, husbandry staff have often noted that members of ‘Alalā pairs that had visual access to 
adult conspecifics seemed stressed by their neighbors, showing signs of stress-related behaviors, 
such as pace flying, hiding, or attempting to fight with neighbors through the wire mesh walls 
separating the compartments. In addition to possible physiological effects, observations suggest 
that conspecific proximity may interfere with important breeding and parental care behaviors. 
For instance, nesting dams who are stressed or distracted by neighboring conspecifics may leave 
their nests more frequently to defend their space, resulting in lower quality parental incubation, a 
known factor influencing ‘Alalā hatchability (Hoeck et al., 2015). Agitated behavior may also 
increase the probability of damaging an egg. Since reproductive success provides a known 
animal welfare benefit, these anecdotal observations, and our study’s quantitative findings, 
suggest that there may be negative welfare consequences associated with crowding, 
compromising important goals established by this and other conservation breeding programs 
(Greggor et al., 2018). Factors interfering with parental care are especially problematic as the 
program is undertaking a transition from reliance on puppet-rearing to parental-rearing that may 
produce higher quality birds for release in the nascent reintroduction program. For these reasons, 
husbandry staff began to address crowding issues by installing visual barriers in aviaries with 
more than two compartments, providing an unplanned experiment amenable to our analyses. Our 
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findings corroborate and extend these concerns. While identifying the exact proximate 
mechanisms driving reduced reproductive output was beyond the scope of our retrospective 
analyses, our results pave the way for productive observational and experimental follow-on 
studies. 
Our findings also shed light on the natural history of the species—little known before 
they went extinct in the wild—and inform reintroduction strategies. Although known to be 
territorial and to display aggression towards extra-pair conspecifics (Perkins, 1903; Banko, 
2009), pre-decline population density of ‘Alalā is unknown. Our findings suggest that 
reintroduction into small protected areas may have negative consequences if density is too high 
and pairs cannot establish nests away from other pairs. Indeed, although reintroductions to date 
have released immature ‘Alalā that are more social and tolerant of conspecifics, as many of these 
individuals matured they began to exhibit intolerance towards nearby conspecifics, with possible 
cases of deadly aggression. Our findings also suggest the possibility of less obvious 
consequences, such as nesting failure, which may also result if pairs are too close. Future 
research should determine optimal social densities for nesting pairs to help guide release 
decisions.  
Conservation breeding must become as efficient and effective as possible if it is to be 
retained as an important conservation tool that does not excessively drain resources that could be 
invested in other conservation endeavors. In an important critique, Snyder et al. (1996) identified 
a number of limitations that must be addressed to make captive breeding a viable, cost-effective 
solution. Among these limitations are the high costs and difficulties associated with establishing 
a sustainable captive population. The ‘Alalā breeding program costs in excess of $1 million 
annually, an expense borne by governmental partners (U.S. Fish & Wildlife Service and the State 
of Hawai‘i Division of Forestry and Wildlife), San Diego Zoo Global, as well as numerous 
foundations and private donors. As Hawaiian avifauna faces an unprecedented extinction crisis 
(Reed et al., 2012; Paxton et al. 2018), it is vital that we ensure breeding programs are as cost-
efficient as possible, to avoid detrimental consequences for other recovery actions. To this end, it 
is critical to understand those husbandry factors that reduce productivity. By identifying and 
mitigating those factors, we can run a leaner, more efficient program, producing the number of 
birds required for reintroduction, while maintaining a smaller, more productive captive breeding 
population. 
 Despite the many challenges facing this conservation tool (Bowkett, 2009), recent years 
have seen the resurrection of conservation breeding among conservation practitioners (Bowkett, 
2009; Conde et al., 2011). There are many reasons why practitioners are turning to captive 
propagation once again. Perhaps the most important reason is the continued deterioration of 
conditions for in situ conservation of many species now facing imminent extinction, but many 
improvements in husbandry science and efficiency of captive breeding have also begun to 
address key limitations identified by Snyder et al. (1996). Here, we have shown how 
retrospective analyses can inform husbandry and management in a critically endangered 
Hawaiian bird species, and provide a roadmap for gleaning lessons from similar legacy data 
available for other long-term conservation breeding programs. Until the recent reintroductions, 
the ‘Alalā was extinct in the wild, thus representing an example of a species that can be 
recovered only through conservation breeding. Unfortunately, an increasing number of species 
find themselves in a similar predicament. Consequently, we advocate for the continued 
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improvement and efficiency of conservation breeding programs through the application of 
scientific research—including forward-thinking hypothesis testing in an adaptive management 
framework (Canessa et al., 2016) and retrospective analyses to mine decades of experience with 
animal husbandry. 
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Table 1. Results from model averaging: estimated parameter coefficients (β), standard errors 
(SE), 95% confidence intervals (CI), and relative importance scores (RI) for each fixed effect. 
Fixed effects with the two highest RI scores are highlighted in grey. The six submodels used in 
model averaging are provided in the Supplementary Material. The variance inflation factors 
(VIF) for each fixed effect are reported. Random effects included in the GLMM used in model 
averaging were the identities of the male and female comprising each breeding pair (n = 141 
pairs) and year (n = 19 years/breeding seasons). 
Fixed effects VIF β SE CI RI 
Intercept ---- -0.19 0.28 (-0.74, 0.36) ---- 
Distance (m) 2.23 1.78 0.55 (0.70, 2.86) 1.00 
Visual access 1.66 -0.75 0.43 (-1.59, 0.08) 0.73 
Social density (10 m) 1.83 0.75 0.47 (-0.17, 1.67) 0.64 
Location 2.07 0.42 0.76 (-1.07, 1.92) 0.12 
Single ♀ neighbor 1.24 -0.31 0.84 (-1.96, 1.33) 0.11 






Figure 1. Breeding center (KBCC and MBCC) timelines illustrating the social density of ‘Alalā 
within 10, 25, 50, and 75 m and the total number of birds located at each breeding center per 
year. The arrow in the MBCC timeline highlights 2011, the first year in which newly constructed 
aviaries (all within 10 m of one another and each with 6 compartments) housed ‘Alalā, 
explaining the increase in social density at MBCC. The shaded areas in 2017 and 2018 highlight 
years in which birds were successfully released into the Puʻu Makaʻala Natural Area Reserve on 
the island of Hawaiʻi. A total of 21 birds were released in these years, 11 in 2017 and 10 in 2018, 
but the density of birds at both breeding centers remained similar to earlier years. 
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Figure 2. The relationship between inter-aviary distance and the probability of an ‘Alalā 
breeding pair producing a fertile egg. Predictions were calculated based on the current range of 
distances between the aviaries across the two breeding centers (~4 to 100 m). The 95% 
confidence intervals were calculated using parametric bootstrapping from a normal distribution 
with a mean equal to the model averaged coefficient of distance and its unconditional standard 
error, both of which are outputs of model averaging in the MuMIn package. Predictions in this 
figure were back-transformed using the invlogit function from the arm package (Gelman and Su, 
2018) for ease of interpretation. Points are the observed values of reproductive success and are 
offset slightly in this figure for readability. The total number of successful vs. unsuccessful pairs 





Figure 3. (Top) Schematic of a three-compartment aviary that contains two breeding pairs, one 
with visual access (right) to a single adult neighbor (center) through a wire mesh wall and the 
other without visual access (left) to the same single neighbor due to the presence of a visual 
barrier. In this scenario, the pair with visual access to the single bird did not engage in breeding 
behaviors (e.g., nest building) nor did they produce a fertile egg. The pair without visual access 
built a nest and produced one or more fertile eggs. The ‘Alalā graphic used in this schematic is 
freely available from: Hawkey, Jane, Integration and Application Network, University of 
Maryland Center for Environmental Science (ian.umces.edu/imagelibrary/). (Bottom) The 
proportion of ‘Alalā breeding pairs that produced ≥ 1 fertile egg within each inter-aviary distance 
class with or without visual access to adult conspecifics. The current maximum distance between 
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the aviaries at MBCC is ~ 50 m whereas the current minimum distance between the aviaries at 
KBCC is ~30 m. Note that not all of the distance classes included data for breeding pairs with 
and without visual access to adult conspecifics for comparison (e.g., the > 25 to 50 m distance 





Table S1. The total number of aviaries and compartments, mean inter-aviary distances, and the 
total number of aviaries within each distance class (Up to 25 m, 25 to 50 m, 50 to 75 m, and 
More than 75 m) at each breeding center as of December 2018. Aviary dimensions range from 
~74 to 149 m2, and individual compartments are ~ 22 to 37 m2. 
Breeding 
center 
Total aviaries (total 
compartments) 
Mean inter-aviary 
distance (m) ± SE 
Up to 25 m 25 to 50 m 50 to 75 m More than 75 m 
KBCC 26 (63) 62.1 ± 3.8 0 8 13 5 
MBCC 9 (34) 19.2 ± 6.1 6 3 0 0 
 
Table S2. Pearson correlation coefficients between numeric fixed effects. All categorical 
variables were dummy coded so that they could be standardized using the rescale function from 
the arm package (Gelman & Su, 2018) in the global GLMM used in model averaging. 
Variable loc bdistm visual male female mult nfemales nmales ntotal d75 d50 d25 d10 
Location (loc) 1.00 0.79 0.02 -0.03 0.04 -0.43 -0.38 -0.39 -0.43 -0.47 -0.59 -0.65 -0.54 
Inter-aviary distance (bdistm) 0.79 1.00 -0.20 -0.09 0.03 -0.56 -0.49 -0.54 -0.57 -0.65 -0.68 -0.67 -0.58 
Visual access (visual) 0.02 -0.20 1.00 0.30 0.29 0.56 0.54 0.63 0.65 0.53 0.43 0.33 0.39 
Single ♂ neighbor (male) -0.03 -0.09 0.30 1.00 -0.04 -0.14 -0.12 0.07 -0.01 0.10 0.06 -0.01 -0.01 
Single ♀neighbor (female) 0.04 0.03 0.29 -0.04 1.00 -0.12 0.15 -0.10 -0.01 -0.05 -0.06 -0.05 -0.05 
Multiple neighbors (mult) -0.43 -0.56 0.56 -0.14 -0.12 1.00 0.77 0.81 0.87 0.61 0.58 0.58 0.56 
N females in aviary (nfemales) -0.38 -0.49 0.54 -0.12 0.15 0.77 1.00 0.65 0.86 0.59 0.58 0.61 0.62 
N males in aviary (nmales) -0.39 -0.54 0.63 0.07 -0.10 0.81 0.65 1.00 0.95 0.75 0.73 0.72 0.74 
N birds in aviary (ntotal) -0.43 -0.57 0.65 -0.01 -0.01 0.87 0.86 0.95 1.00 0.75 0.73 0.74 0.76 
Density of birds within ~ 75 m (d75) -0.47 -0.65 0.53 0.10 -0.05 0.61 0.59 0.75 0.75 1.00 0.96 0.87 0.84 
Density of birds within ~ 50 m (d50) -0.59 -0.68 0.43 0.06 -0.06 0.58 0.58 0.73 0.73 0.96 1.00 0.93 0.89 
Density of birds within ~ 25 m (d25) -0.65 -0.67 0.33 -0.01 -0.05 0.58 0.61 0.72 0.74 0.87 0.93 1.00 0.97 
Density of birds within ~ 10 m (d10) -0.54 -0.58 0.39 -0.01 -0.05 0.56 0.62 0.74 0.76 0.84 0.89 0.97 1.00 
Table S3. Summary of the top GLMM submodel set used in model averaging. These models 
were derived from the dataset that excluded subadults (birds ≤ 2 years of age). The degrees of 
freedom (df), AICC scores (AICC), differences between the AICC score of each model and the 
best model (ΔAICC), and Akaike weights (AICC weight) are reported. All models included the 
identities of the male and female comprising each breeding pair (n = 141 pairs) and year (n = 19 
years/breeding seasons) as random effects. Model averaging results are reported in Table 1. 
Model df AICC ΔAICC AICC weight 
β0 + distance + visual access + social density (10 m) 7 478.84 0.00 0.29 
β0 + distance + visual access 6 479.54 0.70 0.21 
β0 + distance 5 480.17 1.33 0.15 
β0 + distance + visual access + social density (10 m) + location 8 480.61 1.77 0.12 
β0 + distance + social density (10 m) 6 480.64 1.80 0.12 
β0 + distance + visual access + social density (10 m) + single ♀ neighbor 8 480.78 1.94 0.11 
Table S4. Model averaging results from the analysis of a restricted dataset that only included 
breeding pairs that resided in the same aviary for 1 to 3 consecutive years (i.e., data for pairs in 
the same aviary for 4 to 8 years were excluded from the dataset prior to this analysis): estimated 
parameter coefficients (β), standard errors (SE), 95% confidence intervals (CI), and relative 
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importance scores (RI) for each fixed effect. Fixed effects with the two highest RI scores are 
highlighted in grey. The four models used in model averaging are provided in Table S4. The 
variance inflation factors (VIF) for each fixed effect are reported. Random effects included in the 
GLMM used in model averaging were the identities of the male and female comprising each 
breeding pair (n = 141 pairs) and year (n = 19 years/breeding seasons). 
Fixed effects VIF β SE CI RI 
Intercept ---- -0.19 0.32 (-0.81, 0.43) ---- 
Distance (m) 2.11 1.99 0.63 (0.74, 3.23) 1.00 
Visual access 1.61 -1.11 0.49 (-2.07, -0.15) 1.00 
Social density (10 m) 1.76 0.85 0.53 (-0.20, 1.89) 0.69 
Location 2.00 0.49 0.84 (-1.15, 2.13) 0.16 
Single ♀ neighbor -0.40 -0.31 0.94 (-2.25, 1.44) 0.15 
Table S5. Summary of the top GLMM submodel set used in model averaging. This model set 
was derived from the restricted dataset that only included breeding pairs that resided in the same 
aviary for 1 to 3 consecutive years (i.e., data for pairs in the same aviary for 4 to 8 years were 
excluded from the dataset prior to this analysis). The degrees of freedom (df), AICC scores 
(AICC), differences between AICC of each model and the based model (ΔAICC), and Akaike 
weights (AICC weight) are reported. All models included the identities of the male and female 
comprising each breeding pair (n = 141 pairs) and year (n = 19 years/breeding seasons) as 
random effects. Model averaging results are reported in Table S3. 
Model df AICC ΔAICC AICC weight 
β0 + distance + visual access + social density (10 m) 7 402.87 0.00 0.38 
β0 + distance + visual access  6 403.30 0.43 0.31 
β0 + distance + visual access + social density (10 m) + location 8 404.61 1.74 0.16 
β0 + distance + visual access + social density (10 m) + single ♀ neighbor 8 404.77 1.91 0.15 
 
Table S6. Model averaging results from the dataset that included subadults (birds ≤ 2 years of 
age): estimated parameter coefficients (β), standard errors (SE), 95% confidence intervals (CI), 
and relative importance scores (RI) for each fixed effect. Fixed effects with the two highest RI 
scores are highlighted in grey. The three models used in model averaging are provided in Table 
S6. The variance inflation factors (VIF) for each fixed effect are reported. Random effects 
included in the GLMM used in model averaging were the identities of the male and female 
comprising each breeding pair (n = 142 pairs) and year (n = 19 years/breeding seasons). 
Fixed effects VIF β SE CI RI 
Intercept ---- -0.19 0.29 (-0.76, 0.37) ---- 
Distance (m) 2.15 1.43 0.52 (0.42, 2.45) 1.00 
Visual access 1.60 -0.89 0.41 (-1.70, -0.08) 1.00 
Social density (10 m) 1.80 0.46 0.47 (-0.46, 1.37) 0.29 
Location 2.12 0.23 0.75 (-1.25, 1.70) 0.19 
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Table S7. Summary of the top GLMM submodel set used in model averaging. This model set 
was derived from the dataset that included subadults (birds ≤ 2 years of age). The degrees of 
freedom (df), AICC scores (AICC), differences between AICC of each model and the based model 
(ΔAICC), and Akaike weights (AICC weight) are reported. All models included the identities of 
the male and female comprising each breeding pair (n = 142 pairs) and year (n = 19 
years/breeding seasons) as random effects. Model averaging results are reported in Table S5. 
Model df AICC ΔAICC AICC weight 
β0 + distance + visual access 6 482.02 0.00 0.52 
β0 + distance + visual access + social density (10 m)  7 483.16 1.14 0.29 
β0 + distance + visual access + location 7 484.00 1.98 0.19 
 
Table S8. The total number of reproductively successful vs. unsuccessful ‘Alalā pairs per 
distance class (Up to 25 m, 25 to 50 m, 50 to 75 m, and More than 75 m) in each year across both 
breeding centers (# successful, # unsuccessful; nd = no data). 
 
Year Up to 25 m 25 to 50 m 50 to 75 m More than 75 m 
2000 2, 0 nd, 1 1, 3 nd, 1 
2001 1, 0 nd, 1 2, 2 2, 0 
2002 nd, 1 0, 0 2, 2 1, 2 
2003 nd, 1 0, 0 2, 2 3, 1 
2004 nd, 1 0, 0 5, 2 2, 2 
2005 nd, 2 0, 0 1, 5 4, 1 
2006 nd, 1 0, 0 2, 2 3, 1 
2007 nd, 2 1, 0 3, 4 2, 2 
2008 0, 0 nd, 2 3, 4 2, 2 
2009 1, 1 nd, 1 2, 6 4, 1 
2010 1, 3 1, 2 3, 4 3, 2 
2011 2, 3 1, 0 3, 4 2, 3 
2012 1, 5 2, 2 5, 3 4, 1 
2013 nd, 7 4, 0 4, 4 2, 2 
2014 5, 5 4, 3 4, 4 2, 2 
2015 2, 5 4, 6 4, 9 3, 2 
2016 3, 3 6, 10 8, 6 4, 2 
2017 4, 8 8, 7 10, 2 6, 1 
2018 3, 10 7, 8 8, 6 1, 3 
 
 
